Theoretical research on evolutionary aspects of territoriality has a long history. Existing studies, however, differ widely in modelling approach and research question. A generalized view on the evolution of territoriality is accordingly still missing. In this review, we show that territorial conflicts can be classified into qualitatively distinct types according to what mode of access to a territory which competitor attempts to gain. We argue that many of the inconsistencies between existing studies can be traced back to the fact that, while using the same terminology, different instances of these types of conflicts have been investigated. We discuss the connections of each type of conflict to existing research within the wider area of animal conflicts. We conclude that a clear conceptual separation of different types of territorial conflicts is helpful but that a more general theory of territoriality has to account for interdependencies between them and that a more mechanistic approach to modelling territoriality is needed.
Introduction
Territorial behaviour is common in animals. Theoretical musings about the 'function' of territories have a long history [1, 2] , but the first formalized studies only appeared in the 1960s (see reviews [1, 3] ). Since then a considerable number of theoretical studies have been published that cover various aspects of territoriality, such as the optimal size of a defended area [4, 5] , the negotiation over territory borders between neighbours [6] [7] [8] , fights over territories between owners and floaters [9] [10] [11] , defence of territories against intruders [12, 13] , or the emergence of territories by means of local interactions [14 -16] . While all of these studies are in a general sense concerned with how owners maintain their territories against competition by conspecifics they differ widely in modelling approach and research question. So far it is not clear whether, and if so, how these different approaches could be integrated into a general framework. A general theory of territoriality, that could explain why and under which circumstances territorial behaviour is adaptive is accordingly still lacking.
In this review paper, we strive to facilitate the emergence of such a framework by attempting to resolve some of the apparent inconsistencies between the many different approaches that have been published so far. We will first define what we see as territoriality and argue that our definition implies that a game-theoretical approach is required when attempting to understand territorial behaviour. We then show that territory defence can be seen as consisting of several distinct, largely independent types of conflicts between territory owners and their competitors and that the differences between existing studies can for the largest part be attributed to which of these kinds of conflicts they consider. In the last part of the paper, we outline how the different types of territorial conflict connect to a wider theory of resource defence and make suggestions for future research directions.
What is territoriality?
The terminology related to territoriality is notoriously ill-defined (see reviews [3, 17] ). For the purposes of this paper, we follow what appears to be the majority opinion in assuming that a territory is an area in which the territory & 2017 The Author(s) Published by the Royal Society. All rights reserved.
owner has sole or prioritized access to one or several types of resources it contains such as mates, food or shelter [17] . Territories are established and maintained by territorial behaviour [18] . For the sake of brevity, we will in the following call individuals that own territories as well as populations that contain these individuals territorial. To distinguish territories from home ranges, we further assume that in a territorial population there is competition for space or spatially distributed resources [19] . In order to maintain the privilege of exclusive access territorial behaviour therefore has to include some form of territory defence [20, 21] . Territoriality finally denotes the complex of territorial behaviours and resulting population-level patterns that occur in territorial populations.
It is important to note that these are purely phenomenological definitions that are agnostic with respect to mechanism. In particular, it can be very difficult to determine (empirically as well as theoretically) for a given behaviour whether it results in the formation of territories (and thus whether it is territorial) and conversely, given a situation with territories, which behaviour is responsible for creating and maintaining them [17, 22, 23] .
A game-theoretical perspective
Owning a territory entails costs in terms of fitness because owners lose time and energy as well as potentially health or even their life while advertising their ownership status and searching for and fighting off intruders [24, 25] . Only if these costs are lower than the benefit of exclusive access to the territory's resources, can it be adaptive for the owner to be territorial [20] . Early studies showed that-everything else being equal-the costs of maintaining a territory increase with the number of intruders that have to be chased away [5] and their willingness to escalate the conflict with the owner [6] . Many, in particular older studies that investigate aspects of the evolution of territoriality assume frequency as well as behaviour of intruders to be fixed or determined in a straightforward way by territory size or quality (e.g. [26, 27] ). In these studies, the question of whether territorial behaviour is adaptive is consequently treated as a straightforward optimization problem [28] . Just as the owner, however, intruders usually have a choice between several alternative actions-such as whether to intrude or not-that is subject to selection [13] . That means in particular that other individuals will only intrude on a territory and risk a fight with the territory owner if it pays for them in terms of net fitness benefits to do so, which in turn depends among others on the owner's willingness to defend its territory [13, 29] .
Territory defence can therefore not be the result of a unilateral optimization process. Instead, it should be seen as the optimal behaviour of only one side in a series of bilateral conflicts between owner and ( potential) intruders [7, 13] . Consequently, in order to correctly predict for a given situation whether territorial behaviour is adaptive or not, a game-theoretical approach is required that analyses the simultaneous evolution of defence as well as intrusion behaviour [6, 30, 31] .
Different kinds of conflicts
Given our definition of territoriality and the requirement for a game theoretical approach, we can see territorial conflicts as a special case within the wider framework of animal conflicts over resources. Various factors have been shown to affect how best to behave in a conflict over resources.
First, properties of the object of the conflict play a central role, i.e. what each party can expect to gain or lose depending on the outcome [29, 32, 33] or physical properties of the contested resource, such as-in the case of food-size, handling time or predictability of occurrence (e.g. [34, 35] ). Specific aspects of the context the conflict happens in can, however, also be important, such as the likelihood of a repeated conflict [36] , or the amount of knowledge an individual has about the opponents' strategy [37, 38] .
We know that even small differences in these factors can result in very different optimal strategies [35, 39, 40] . If we want to understand the selection pressures acting on the strategies of individuals participating in a given conflict for resources such as any territorial conflict, we therefore need to know what exactly the stakes of the conflict are and in which context it happens in.
A closer look at empirical and theoretical studies on territoriality shows that while the terminology that has been used to refer to territorial conflicts shows little variation, the properties of the conflicts that have been investigated differ substantially. It is generally agreed that the object of territorial conflicts is access to the territory [17, 20] . The kind of access that a competitor attempts to gain, however, can vary with correspondingly varying consequences for the owner ( figure 1 ). More specifically, we can distinguish three different types of competition that potentially lead to territorial conflicts: -competitors can attempt to take over an entire territory from the previous owner [10, 41] ; -neighbours can attempt to gain space by permanently changing territory layout [7, 14] ; and -intruders can try to gain additional resources by intruding on a territory [12, 13, 42] .
As we will discuss in the following, for owner and intruder the stakes (in terms of effect on fitness) of the resulting conflict differ considerably between these cases and also depending on whether the intruder is itself a territory owner or a floater (figure 1).
Furthermore, important aspects such as asymmetry of information between opponents [37] , likelihood of a repeated conflict [36] and controllability of access [34] all vary dependent on which of these types of access to the territory individuals compete for. Each of these types of conflicts therefore has its own specific properties with specific evolutionary consequences for the individuals' behaviour.
The state of the literature
In the existing literature, many aspects of these different types of conflicts have been investigated with most studies focusing on one specific type of conflict in isolation.
Common terminology, however, does not distinguish between different types of conflicts [17] . Across different studies, the term territory defence is used to denote very different things while at the same time authors often fail to explicitly specify what they intend the term to mean. It is therefore often unclear which type of conflict is the subject of a specific study.
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In addition in many models, it is even difficult to determine with certainty what animals are assumed to compete for. In economic defendability models for example (e.g. [4, 26, 27] ; see [28] ), owners defend their territories against numerous intruders. The descriptions of some of these models as well as the way they have been applied to empirical data suggest that the intruders are assumed to be floaters looking to steal food on the territory [42] [43] [44] . As conflicts are not explicitly modelled; however, the effect of losing on the owner and thus the stakes of the conflict are not defined within the model.
When discussing previous studies we will therefore have to distinguish between the type of territory access individuals are assumed to compete for by the authors and the type of competition that is supported by the model mechanics.
(a) Entire territories
In many territorial populations, the benefits accrued by owning a territory are not distributed equally, either because territories differ in quality or because only a part of the population is able to occupy a territory in the first place [45] . Territory owners therefore face competition from other owners with territories of lower quality [46] or from nonterritorial individuals (new arrivals or floaters; [11, 45] ). These occasionally attack and subsequently replace them as occupants of the territory [47] , often without significant changes to the size and shape of the territory itself (e.g. [48] ).
There is a considerable amount of theoretical work on the conflict over entire territories. Nearly all of it traces its roots back to the seminal papers by John Maynard Smith and coworkers (that at the same time laid the foundations for the development of evolutionary game theory) and in particular to the Hawk-Dove game introduced therein [29, 30] . In the most basic version of this model, two individuals compete for an indivisible resource of fixed value and decide simultaneously whether to fight (Hawk) or concede (Dove). If fighting is costly enough then only a mix of both strategies (either on population or individual level) can be evolutionarily stable [49] . More importantly, though, in a slightly extended form of the game conventional conflict resolution can evolve where individuals make their behaviour dependent on arbitrary asymmetries. Ownership status-if it is visible to the contestants-can serve as such an asymmetry. The evolutionarily stable Bourgeois strategy-fight as owner, retreat as intruder-then leads to stable territory ownership and only low levels of aggression [29] . While this result was able to elegantly explain the existence of territory ownership and the low frequency of contests in natural populations it came with a caveat, the stability of the opposite strategy, intruders fighting and owners retreating, is mathematically just as sound and plausible. Much of the development of the field since then has been motivated by the attempt to reconcile the prevalence of ownership in the natural world with the ambiguity of the predictions of these models [50] .
Discussing all studies in this area would go far beyond the scope of this article. We would therefore like to refer to the excellent review by Sherratt & Mesterton-Gibbons [50] for further details and will in the following only give a brief overview within the context of our general question.
Extensions to the basic model can be roughly grouped into three categories. First, many authors have investigated the effects of adding details to the basic interaction between contestants, such as variation in size or resource holding potential [29, 51, 52] , limited information [53, 54] , multiple asymmetries [55] or repeated interactions [56] .
A second important development has been the incorporation of population-level feedback into models on the conflict over entire territories. It has been noted early on that the basic Hawk-Dove(-Bourgeois) game is inconsistent if seen on the population level [32] . The constant payoffs of the basic game do not take into account that the fitness effects of status as an owner or a floater depend on population-level variables such as the number of free territories or turnover owing to death of individuals [57] . This was confirmed by subsequent studies that included amongst others the effects of territory retention [9,58,59], settlement sequence [52, 60, 61] , mortality [41, 58] or population dynamics [10] . [29, 33, 41, 53] ).
(b) Space
The value of a territory in many cases increases with size, in particular if territories are compressed owing to high population density. Owners therefore often would profit from extending the borders of their territories at the detriment of their neighbours [27, 62] . Similarly, if an individual attempts to gain a territory either by budding off that of its parents [63] or by establishing a new one in the gaps between existing ones [64] it has to claim space from other territories. In all these cases two or more individuals directly compete for space, resulting in a conflict over where one territory ends and the other one starts.
Models used in theoretical studies of the conflict between neighbours over space can generally be divided into two broad categories. In the first, simpler type of model no assumptions concerning the process that leads to the separation of space or the establishment of a boundary are made. Individuals in the models presented by Parker & Knowlton [65] decide solely on either how much space they intend to claim or how much effort they invest into defence. Resulting occupancy and territory sizes (and thus fitness) are then simply calculated based on order of settlement or ratios of aggressiveness, respectively. One of these models ('defensive effort') has been extended by López-Sepulcre & Kokko [66] to be more ecologically consistent [57] by including feedback effects between territory size, defence costs, number of floaters and population dynamics. Interactions between individuals, however, are similarly not modelled explicitly.
In contrast with that in the second type of model territory size and/or boundary position are the result of interactions between individuals. These interactions have been understood in two distinct ways. Maynard Smith [6] and subsequent authors assume that individuals compete for the-continuous-amount of space each owner retains. The resulting conflict therefore resembles a process of negotiation. Stamps & Krishnan [14] and Morrell & Kokko [31, 67] on the other hand assume that more or less discrete pieces of space ('sites') are being fought over with each fight being similar to a more traditional one-off Hawk-Dove game.
The earliest example for an interaction-based model of competition for space is the analysis of the negotiation process between two territory owners by Maynard Smith [6] . Here, individuals are assumed to compete over the location of the territory border on a line between their nest sites. This model has been extended to take into account how hunting behaviour of a sit-and-wait predator determines the value of space to its owner [7] or to explore the effects of landmarks [68] or population density [69] .
Expanding on earlier purely proximate models [14, 70, 71 ] a more mechanistic line of research has focused on how the evolution of movement behaviour can lead to a partitioning of space: using spatially explicit models several studies show independently that if encounters between territory owners are costly, individuals evolve to avoid conspecifics which leads to the emergence of territories [15, 31, 72, 73] . It is important to note, however, that aggressive behaviour is an assumption, not an outcome of these models.
Although the potential significance of the competition between established territory owners and founders of new territories for space was recognized early on [74] , only few theoretical studies have investigated this problem. Parker & Knowlton [65] , Getty [75] and Stamps & Krishnan [76] explore the best strategy for individuals that sequentially settle a new habitat patch, while López-Sepulcre & Kokko [66] take into account the effect of individuals squeezing in between existing territories in their model. In all cases, however, territory size is assumed to be at the sole discretion of the founder, without any direct interaction between individuals.
(c) Resources
On the most basic level individuals in a territorial population compete for the use of limited resources [39, 44] . Depending on various factors such as resource dynamics and distribution, non-territorial floaters as well as territory owners will therefore be interested in obtaining resources from the territory of another individual [13, 77] . Via depletion this 'theft' can seriously affect the owner of the intruded territory, leading to a potential conflict between owner and intruder [12, 42, 43] .
The economics of the owner's side of this conflict has been explored by a line of-mostly older-theoretical studies that determine the net payoff of territory ownership in terms of costs of defence and the benefits of exclusive access to resources (e.g. [27, 78, 79] ; reviewed amongst others in [80] ). This type of model has in several cases successfully been used to give post hoc explanations for the observed behaviour of territorial individuals [42, 78] . It is, however of very limited use for the study of the evolution of territoriality: first, intruder behaviour does not evolve at all; second, owners are assumed to always attack (and successfully expel) any intruder they encounter. Territorial behaviour is therefore part of the assumptions of the model instead of its consequences.
A step towards a more comprehensive approach has been taken by Davies & Houston [12, 81] and Houston et al. [82] . They model the owner's decision whether to tolerate the presence of an additional individual on the territory depending on resource dynamics and intruder pressure. While the first intruder's impact on the owner's foraging success is represented in the model, the effect of any further intruders is only taken into account as additional fixed defence costs. An interesting variation on this approach explores the effects of some simple optimizations of the intruders' behaviour on the owner's willingness to defend its territory [36] . In a slightly different context, Tao et al. [83] use a similar type of model to investigate temporal dynamics of home range sizes. Finally, some work has been done on the related issue of food sharing between foragers or hoarders [34, 84, 85] .
In contrast with the competition for resources between owners and intruders, that between territorial neighbours has received barely any attention in the theoretical literature. To our knowledge, the only study to date to explicitly focus on this problem has been presented by Hinsch & Komdeur [13] . They use a game-theoretical model to investigate under which conditions territory owners should be expected to steal from their neighbours.
Connections with existing theory
Now that we have established a clear logical distinction between the different types of territorial conflicts we can rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162356 attempt to find a way to embed them into the wider area of resource defence theory. We can indeed find some clear structural parallels between each of the conflict types and existing theory outside of territoriality.
In models of the conflict over entire territories, ownership is well-defined and decided by a single interaction between owner and intruder. Territories are therefore treated as fully controllable, non-shareable resources. Conflicts over this type of resource-including for example food items [86] , larval provisioning [87] , shelter or mates [52] -is subject of a large body of theory mostly also based on the HawkDove game or its descendants [50] .
In conflicts over space on the other hand, the resource is still assumed to be controllable, but in this case it can be shared. The amount allocated to each participant of the conflict therefore has to be determined by some form of negotiation. Similar conflicts have been investigated in other contexts such as parental care [88] or reproductive skew [89, 90] .
The conflict over resources on territories between owners and floaters or neighbours finally has some similarities with that over cached resources [91] , mates [92] or big food sources such as carcasses [34, 93] . As in these cases, the resources within a territory are in principle shareable and at the same time not physically controllable by the current owner. Therefore, the decisions that lead to a conflict become asymmetric: an intruder first decides whether to attempt to use the resource. If the owner does not react, the resource is shared and only if the owner decides to challenge the intruder does a conflict take place [13] . As an additional complication, however, owing to resource replenishment the costs of tolerating theft can be considerably lower than the benefits gained by the thief in the case of territoriality [12, 94] .
Caveats
So far we emphasized the mutual independence of these conflicts-a notion that is reinforced by the fact that most existing studies focus on one type of conflict in isolation. While this is helpful for the sake of conceptual clarity, it is important to note that the separation of territorial conflicts into independent mechanisms could be less clear-cut in the real world.
First, even if we assume that the conflict types per se can be cleanly separated, the behaviour individuals show in one of them will influence the fitness payoffs of behaviours in the others. The value of owning a territory and thus the payoff in a fight for entire territories for example depends among others on the costs of maintaining it against stealing intruders and encroaching neighbours [7, 13] . The costs of establishing a new territory will depend on the willingness of present owners to defend their borders, which might again be dependent on turnover and social stability [64] . On purely theoretical grounds, it seems therefore advisable to take interdependencies between the different types of conflicts into account [57, 66] .
In addition it is, however, not entirely clear to which degree the conceptual separation that we discussed above actually exists for a given system and if so, whether we are able to recognize it.
As observers we can detect cases in which a conflict has ended in a success for the intruder, i.e. territory borders changed, the intruder stole some resources or took over a territory. However, we cannot know what the intentions of the intruder were before a conflict happens and what a conflict was about if the owner wins.
It is therefore difficult to tell if any or both of the individuals involved in a territorial conflict make a distinction similar to the one outlined above. An intruding floater for example might intend to poach on a territory while at the same time being open for a take over attempt should the owner turn out to be weak. Even if intruders are committed to a specific action, however, that does not necessarily imply that owners will be able to detect it. Although there is in many cases, a certain amount of information exchange between intruders and owners (e.g. [8, 95, 96] ), we do therefore not know how well owners and intruder can predict each other's behaviour [97] . Limited information on both sides has not only the potential to drastically change the optimal behaviour for both parties [37, 39] but it might make it impossible to separate different types of conflicts.
The way forward
Given the separation into conflict types we outlined above, their connection to existing theory and taking into account the caveats we discussed, we can make some suggestions for a research programme that will lead to a more complete evolutionary theory of territoriality.
First, the similarities between territorial conflicts and other areas of animal conflict need to be explored. It seems that it should be possible to identify some general properties of resources such as clumpedness, shareability, controllability or handling time that affect the evolution of conflict behaviour independent of the context. Some studies on the effects of 'generic' resource properties have been done [35, 39, 98] . A systematic investigation of these similarities and differences between kinds of resources might pave the way for a general theory of resource competition that would apply to all situations where individuals find themselves in a conflict over access to resources.
Second, we need to understand the limitations of modelling each type of conflict in separation ( [40] ). In the first instance a straightforward combination of existing approaches, including two or more conflict types within one model, could be investigated. At the very least, this would allow us to determine to which degree the more complex payoff structure of these combined models leads to differences in predictions when compared with previous results and thus whether interdependencies need to be taken into account.
Whether territorial animals distinguish between different types of conflicts in the first place is primarily an empirical question. Theory can contribute to solving this problem, however, by trying to understand under which conditions they should make this distinction and whether they would be able to do it. At this point, this is still very much an open field, but there is a wealth of previous results on intention recognition [99] , the value of information in conflicts [37] , commitment [100] , cognitive constraints [101] and costs of cognition [102] to draw upon.
Finally, for several reasons a more mechanistic theoretical approach might be useful. By modelling territoriality from first principles, the problem of interactions between conflict types could be sidestepped. Furthermore, modelling the evolution of territoriality from a non-territorial population without assuming the existence of any aspect of territorial behaviour probably rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162356 requires a mechanistic approach [39] . Lastly, we know that adding details and context to game theoretic models can significantly change their outcome [40, 57, 103, 104] . In addition, it has recently been argued convincingly that a purely phenotypic view of the evolution of behaviour is misleading and that the actual mechanisms and constraints of cognition have to be taken into account [101, [105] [106] [107] .
Building a mechanistic model of territoriality is not without its challenges, in particular with respect to the individuals' cognition. Higher order conflicts-such as over border location or territory ownership-presuppose considerable cognitive processes in the individuals. A conflict over territory borders for example implies the ability to remember ownership of the locations of their habitat. Furthermore, this structure is not static but the emergent result of the individuals' activities, namely the history of their movements and interactions [108] , a process that we have only recently begun to understand [16, 23, 109] . If border conflicts are being studied in isolation, these mechanisms can be abstracted away from the single actions of individuals and cognition can be made implicit in the model structure (e.g. [6, 7, 73] ). A mechanistic model however needs to accommodate them while at the same time allowing for higher-order processes such as change of ownership of the entire territory to take place.
Promising first steps towards modelling territoriality from first principles have been made [16, 31, 39, 83] . For a full picture, however, it will be necessary to integrate habitat and species properties (e.g. [110, 111] ), cognitive mechanisms [112] , interaction mechanics [33, 113] , population feedback [66] and resource properties [35, 94] .
Territoriality is a complex phenomenon that spans several levels of organization and relies on a number of different feedbacks with population and environment variables. It is conceivable that a full theoretical understanding of territorial behaviours will only ever be possible for specific cases. However, we argue that the realization that previous studies have investigated a number of formally quite different phenomena under the same name is the first step towards finding connections with existing theory on resource competition and towards developing a more integrated view of the evolution of territoriality.
Author's contributions. M.H. carried out the literature research and drafted the manuscript. J.K. coordinated the study and helped conceptualize the main ideas in the review and draft the manuscript.
Competing interests. We have no competing interests. Funding. Research was financially supported by a grant from the Netherlands Organization for Scientific Research (NWO-VICI, 86503003) awarded to J.K.
